Introduction {#s0005}
============

Histologically, breast cancer (BCa) is a heterogeneous disease characterized by specific morphological patterns and distinct biological properties. [@bb0005]. The most frequent are hormone-dependent subtypes, with luminal A (ER+, PR+) and luminal B (ER+, PR-) representing 50--60% and 15--20% of all BCa cases, respectively [@bb0010]. The treatment of patients with ER-positive BCa is based on selective ER modulators (SERM) (e.g. tamoxifen) and/or aromatase inhibitors. Since its approval in 1972 in the UK, tamoxifen has become a drug of first choice in patients with luminal BCa (now being replaced by aromatase inhibitors).

It is estimated that approximately 45% of women do not respond to tamoxifen (de novo resistance) [@bb0025], whereas acquired resistance to the drug develops ultimately in all tamoxifen-receiving patients. Around 33% of responders are reported to relapse within 15 years after 5-years of adjuvant tamoxifen-based therapy [@bb0030]. Thus, although tamoxifen was hailed as a major breakthrough in the management of patients with hormone-dependent BCa, development of resistance to the treatment poses serious clinical problem. The molecular mechanisms underlying cell sensitivity to the drug are still poorly understood and require further studies.

ER can be activated in two pathways: (i) hormone-dependent -- associated with binding of estradiol to the AF2 domain, and (ii) hormone-independent -- triggered, in the absence of its cognate ligand, by activation of AF1 domain by various cellular kinases [@bb0035]. GFRs-mediated ER activation results in various post-translational ER modifications such as phosphorylation or ubiquitination, that in favorable conditions (domination of co-activators) promote transcriptional function of ER, followed by receptor degradation [@bb0040]. There are at least 6 serines in ER\'s AF-1 domain that can be phosphorylated [@bb0035]. It was shown that activation of MAPK downstream of EGF (epidermal growth factor) and IGF (insulin-like growth factor) receptors specifically phosphorylates Ser118, which then promotes ER-transcriptional activity [@bb0045], [@bb0050], [@bb0055], [@bb0060]. On the other hand, phosphorylation of Ser167 by AKT1 [@bb0065], [@bb0070], [@bb0075], RSK [@bb0060], Src [@bb0065] and MAPK [@bb0075] was proved to stabilize ER interaction with ER-dependent promoters and lead to estrogen-regulated genes expression [@bb0060], [@bb0065], [@bb0070].

There is growing evidence to suggest that, besides up-regulation of estrogen-regulated genes (cyclin D1, Bcl-2) [@bb0080], activity of GFRs, e.g. HER2 [@bb0085], [@bb0090], EGFR (epidermal growth factor receptor) [@bb0045], [@bb0050], [@bb0085], [@bb0095], IGFR (insulin-like growth factor receptor) [@bb0045], [@bb0050], VEGF/VEGFR (vascular endothelial growth factor/receptor) [@bb0100] and FGFRs (fibroblast growth factor receptors; FGFR1--4) [@bb0105], is the main cause of failure of tamoxifen-based therapy. GFRs-triggered signaling leads to activation of MAPK and/or PI3K (phosphatidylinositol-3-kinase)/AKT pathways, which mediates ER phosphorylation at Ser167 [@bb0055] and Ser118 [@bb0045], [@bb0055], known to be associated with cell resistance to tamoxifen [@bb0040]. In addition, GFRs enhance cell proliferation (increased cyclin D1 expression) [@bb0095], [@bb0110] and anti-apoptotic signals (up-regulation of Bcl-2) [@bb0090] that overcome cytotoxic effect of tamoxifen.

It is generally acknowledged that tumor microenvironment can play an important role in resistance to tamoxifen. For instance, MCF7 and T47D breast cancer cells exposed to growth factors secreted by cancer-associated fibroblasts (CAFs) developed resistance to tamoxifen-induced apoptosis [@bb0115]. In the murine model of estradiol-dependent BCa, CAFs protected cancer cells from tamoxifen-induced cell death, acting through AKT and MAPK pathways, which led to ER phosphorylation at Ser118 [@bb0120].

Herein an impact of a crosstalk between fibroblast growth factor receptor 2 (FGFR2) and ER on development of resistance to tamoxifen was studied in two luminal BCa cell lines (MCF7 and T47D). We found that activation of the FGF7/FGFR2 axis abolished growth-inhibitory effect of tamoxifen, which was confirmed in cells exposed to CAFs-conditioned medium. FGF7/FGFR2-signaling was shown to phosphorylate ER, promote ER proteasomal degradation and reverse tamoxifen-driven ER stabilization. Activation of PI3K/AKT pathway targeting ER-Ser167 and regulation of Bcl-2 expression in response to FGF7 treatment were identified to underlie FGFR2-dependent resistance to tamoxifen. Analysis of tissue samples from patients with invasive ductal breast carcinoma revealed an inversed correlation between expression of FGFR2 and ER, thus supporting our in vitro data.

Materials and Methods {#s0010}
=====================

Cell Lines, Antibodies, and Reagents {#s0015}
------------------------------------

Luminal (ER+) BCa cell lines: MCF7 and T47D were obtained from ATCC. Fibroblasts derived from BCa tumors (CAFs) were from the Cell Bank of the Department of Medical Biotechnology, Medical University of Gdansk (isolated as previously described [@bb0125], [@bb0130]). Cells were grown in DMEM or phenol red-free DMEM (CAFs) supplemented with 10% FBS and penicillin/streptomycin (100 U/ml/100 μg/ml) at 37°C in a humidified atmosphere of 5% CO~2~. All media and their supplements were purchased from Sigma-Aldrich, HyClone or Biowest. Anti-Ub (sc-8017) antibodies were from Santa Cruz. Antibody against β-actin (A5316) was obtained from Sigma-Aldrich, anti-Bcl-2 (clone 124) and anti-ERα (clone 1D5) were from Dako, anti-ERα-Ser167 was from Invitrogen (PA5--37570). The remaining antibodies including anti-FGFR2 (\#23328), anti-Akt (\#9272), anti-Akt-Ser473 (\#4060), anti-Bax (\#5023), anti-ERα-Ser118 (\#2511), anti-ERK1/2 (\#4695), anti-ERK1/2-Thr202/Tyr204 (\#9101) were from Cell Signaling Technology. Immunohistochemistry for FGFR2 was done with mouse anti-human antibodies (1:600; Abnova \#H00002263-M01). All fibroblasts growth factors (FGFs) were purchased from PeproTech, 4-hydroxytamoxifen (OHT), fulvestrant, heparin sodium salt, PD173074 and MG132 were from Sigma-Aldrich, LY294002 and ABT-199 were from Selleckchem. Growth factors-reduced matrigel matrix was obtained from BD Biosciences.

Western Blotting {#s0020}
----------------

Cells were scraped in cold PBS and lysed with Laemmli buffer (2× concentrated) with 2 mM PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 5 mM EGTA, 1 mM EDTA, 2 mM Na~4~P~2~O~7~, 5 mM NaF and 5 mM Na~3~VO~4~. An equal amount of protein from each sample was loaded per well, resolved in SDS--PAGE and then transferred onto nitrocellulose membrane. After 1 h of blocking in 5% skimmed milk in TBST, membranes were incubated overnight with specific primary antibodies at 4°C. Appropriate secondary antibodies conjugated with horseradish peroxidase (Sigma-Aldrich) and Western Lightning Plus-ECL (PerkinElmer) were used to visualize specific protein bands.

Immunoprecipitation {#s0025}
-------------------

Cells were lysed in 1% Triton X-100 in PBS containing 2 mM PMSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 5 mM EGTA, 1 mM EDTA, 2 mM Na~4~P~2~O~7~, 5 mM NaF and 5 mM Na~3~VO~4~. Supernatant was incubated with 1 μg of anti-ERα antibody (Dako) overnight at 4°C. The samples were mixed with anti-mouse IgG conjugated with agarose beads (Sigma Aldrich, A6531) according to manufacturer\'s instructions. Immunocomplexes were eluted from the beads with Laemmli buffer and analyzed by western blotting.

FGFR2 Knock-Down and Overexpression of FGFR2 {#s0030}
--------------------------------------------

T47D shFGFR2 cell line was generated with lentiviral system based on pLKO.1-TRC vector (Addgene, \#10878) [@bb0135] with cloned shRNA designed on the basis of the following siRNA sequence of *FGFR2* 5′- GAG AUU UGG UAU UUG GUU GGU GGC - 3′ [@bb0140], [@bb0145]. In all experiments with FGFR2-negative variants of cell lines as a control we used cells transfected with backbone pLKO.1 plasmid. T47D FGFR2 cells were established with retroviral vector pBp-FGFR2b-WT (Addgene, \#45698) [@bb0150].

Signaling Analyses, Stimulation With Growth Factors {#s0035}
---------------------------------------------------

For analysis of signaling triggered by growth factors, cells were starved overnight in serum-free media followed by stimulation with FGF7 (10 ng/ml) and/or OHT (1 μM) for indicated periods of time. In all experiments, FGF7 was used together with heparin sulfate (10 ng/ml) which is critical for the formation of an active FGFs/FGFRs signaling complex [@bb0155]. PD173074 (100 nM) and MG132 (0.05 μM) were applied for inhibition of FGFR and proteasomal degradation, respectively. LY294002 (2 μM) was used to inhibit PI3K/AKT signaling, ABT-199 (5 μM) was applied to abolish Bcl-2 activity (BH3 mimetic).

Culturing Cells in Three-Dimensional Matrigel {#s0040}
---------------------------------------------

Cell culturing in three-dimensional matrigel was carried out as previously described [@bb0160]. Cells were cultured in regular medium and, when appropriate, supplemented with FGF7 (10 ng/ml) together with heparin sulfate (10 ng/ml) and/or OHT (1 μM). Media were replaced every third day. To evaluate cell growth, colonies were measured after 14 days of culture (at least 50 colonies for each condition) using ZEISS PrimoVert microscope and ImageJ software.

Quantitative PCR {#s0045}
----------------

RNA was isolated with TriPURE reagent (Roche) according to the manufacturer\'s protocol. Reverse transcription with random hexamer primers was performed with Transcriptor cDNA First Strand Synthesis Kit (Roche). Gene expression analysis was carried out for *ESR1* gene (forward primer: 5′-AAGAAAGAACAACATCAGCAGTAAAGTC-3′, reverse primer: 5′-GGGCTATGGCTTGGTTAAACAT-3′) and reference genes: *ACTB* (forward primer: 5′-TGACGTGGACATCCGCAAAG-3′, reverse primer: 5′-CTGGAAGGTGGACAGCGAGG-3′) and *GAPDH* (forward primer: 5′-GACAGTCAGCCGCATCTTCT-3′, reverse primer: 5′-TTAAAAGCAGCCCTGGTGAC-3′). Twenty-microliter reactions were realized using Maxima SYBR Green qPCR Master Mix (Thermo Scientific) on 96-well plates in CFX96 cycler (Bio-Rad, Hercules). For analysis of for *MYO1B* and *PSME1* expression TaqMan probes Hs00362654_m1 and Hs00389210_g1 and TaqMan Universal PCR Master Mix (Applied Biosystem) were used. Reactions were done in duplicates. Each plate contained an inter-run calibrator, a set of non-template controls and controls for gDNA contamination. Gene expression was calculated using a modified ΔΔC approach.

Soft Agarose Assay for Anchorage-Independent Growth (Supplement) {#s0050}
----------------------------------------------------------------

Anchorage-independent growth was evaluated as previously described [@bb0165]. Briefly, cells (5 × 10^4^ per well) were suspended in 3 ml of 0.4% low gelling temperature agarose (Sigma Aldrich) prepared in DMEM containing 10% FBS and overlaid on 3 ml of solidified 0.5% agarose made up in the same medium. The top layer was covered with 3 ml DMEM medium and, when appropriate, supplemented with FGF7 (10 ng/ml) and/or OHT (1 μM). Medium was replaced every 3--4 days. After 21 days of culture, colonies were counted using ZEISS PrimoVert microscope and ImageJ software.

Clinical Data, Patient Selection, and Samples {#s0055}
---------------------------------------------

Specimens of primary invasive ductal carcinoma were obtained from 166 women treated at the Oncology Department of Copernicus Memorial Hospital in Łódź between 1997 and 2001 according to the local ethical regulations. All patients had undergone a radical mastectomy with axillary lymph node dissection. Adjuvant therapy based on tamoxifen was received by 109 \[ER+ (N = 52) and ER- (N = 57)\] patients. Samples were histologically graded using the Nottingham criteria and the disease was staged according to the TNM system. ER/PR/HER2 status was determined by routine histopathological assessment. The characteristics of the study population are summarized in [Table 1](#t0005){ref-type="table"}.Table 1Patient Characteristics.Table 1Number of Patients (N)166Age (years) \< 5052 ≥ 50114Disease stage I39 II84 III43T status T155 T2103 T31 T47Grade 1--295 371Nodal status Negative82 Positive84Estrogen receptor status Negative73 Positive93HER2 status Negative138 Positive28

Immunohistochemistry {#s0060}
--------------------

Serial 5 μm paraffin sections of formalin-fixed blocks were processed for immunohistochemistry for FGFR2 (mouse anti-human; 1:600; Abnova \#H00002263-M01), using protocols recommended by the manufacturers. As a negative control for immunostaining, primary antibodies were replaced by non-immune sera. Scoring of immunostaining was carried out as follows: (i) 0 -- no reactivity or only faint cytoplasmic/membranous reactivity in \<10% of tumor cells; (ii) 1+ − faint cytoplasmic/membranous reactivity in ≥10% of tumor cells; (iii) 2+ − weak to moderate cytoplasmic/membranous reactivity in ≥10% of tumor cells; (iv) 3+ − strong cytoplasmic/membranous reactivity in ≥10% of the tumor cells. Immunohistochemical staining was evaluated and scored independently by two observers (HMR and RK). The agreement on staining intensity was \>90%. Where there was disagreement, intensity was determined by consensus. Dichotomisation of final scores into: (a) 'negative/low' for 0--1 and (b) 'positive/high' for 2--3 was guided by intensity of immunostaining in positive controls (human stomach carcinoma) recommended by the manufacturer.

Statistical Analysis {#s0065}
--------------------

Pearson\'s χ^2^ test or Fisher\'s exact test were used to assess the associations between expression of FGFR2 and clinicopathological variables. The results were considered statistically significant when two-sided *P* was less than .05. The analyses were performed using the StatsDirect (StatsDirect Ltd., Altrincham, UK) and Statistica 9.1 (StatSoft Inc. Tulsa, OK, USA) software. Colonies size in 3D cultures was measured with ImageJ. Data are expressed as means ± SD from at least three independent experiments. Comparative data were analyzed with the unpaired Student\'s t-test using the STATISTICA software (version 10, StatSoft). Two-sided *P* \< .05 was considered as significant.

Results {#s0070}
=======

FGFs/FGFR Action Impairs Tamoxifen-Dependent Growth Inhibition of BCa Cells {#s0075}
---------------------------------------------------------------------------

To analyze an impact of FGFs/FGFR activation on tamoxifen-induced biological effect, T47D luminal BCa cells grown in 3D matrigel were treated with FGF1, FGF2, FGF4, FGF7 or FGF9 and/or OHT (4-hydroxytamoxifen -- active metabolite of tamoxifen, used in all further experiments). We found that all tested FGFs promoted cell proliferation (reflected by colony size) ([Figure 1](#f0005){ref-type="fig"}*A*, left panel) whereas incubation with OHT resulted in significant reduction of cell growth ([Figure 1](#f0005){ref-type="fig"}*A*, right panel). OHT action was partially abolished by FGFs with the strongest effect being produced by FGF2 and FGF7. The latter was used in further studies. This choice was additionally justified by numerous reports strongly implicating FGF7 in both physiology and pathophysiology of the mammary gland [@bb0170], [@bb0175], [@bb0180]. The observed FGF7 effect on growth of OHT-treated cells was confirmed in the MCF7 cell line ([Supplementary data, Figure 1](#f0045){ref-type="graphic"}). As in T47D cells, FGF7 promoted MCF7 cells growth and protected the cells from inhibitory influence of tamoxifen. For both T47D and MCF7 cell lines, the FGF7-induced resistance to OHT was observed also in cells cultivated in adhesion-independent conditions ([Supplementary data, Figure 2](#f0050){ref-type="graphic"}).Figure 1FGFs/FGFR action promotes 3D growth of BCa cells and impairs tamoxifen/OHT action. (A) T47D cells were grown in 3D matrigel for 14 days in the presence of FGF1, 2, 4, 6, 7, 9 (10 ng/ml) and/or tamoxifen (1 μM), B) with/without PD173074-FGFR inhibitor (100 nM). Representative pictures were taken, colonies measured and statistically analyzed with ImageJ. Scale bar represents 100 μm, \**P* ≤ .05, \*\**P* ≤ .001, n = 3.^1^Ratios to control/non-treated cells.Figure 1

To verify an engagement of FGF receptors in FGF-induced resistance to OHT, T47D cells were grown with PD173074 (a well characterized, selective FGFR inhibitor [@bb0185], [@bb0190]) and/or FGF7. We found that PD173074 nearly completely abolished both FGF7-mediated promotion of T47D cell growth ([Figure 1](#f0005){ref-type="fig"}*B*, left panel) and FGF7 protective effect from OHT ([Figure 1](#f0005){ref-type="fig"}*B*, right panel). These results indicate that FGF/FGFR-driven signaling is involved in mediation of tamoxifen resistance in BCa cells.

FGF7-Dependent Protective Effect in OHT-Treated Cells is Mediated by FGFR2 {#s0080}
--------------------------------------------------------------------------

Since it is well documented that FGF7 binds with the highest affinity to FGFR2 [@bb0195], [@bb0200], stable knock-down and overexpression of *FGFR2* gene were generated in T47D cells (as described previously [@bb0145]) to confirm FGFR2 involvement in FGF7-triggered resistance to tamoxifen ([Figure 2](#f0010){ref-type="fig"}*A*). Lack of any off-target effects of applied shRNA has been confirmed in previous studies [@bb0140], [@bb0145]. Results showed that FGFR2 silencing and overexpression impaired and enhanced T47D cell growth in 3D, respectively ([Figure 2](#f0010){ref-type="fig"}*B*). On the other hand, FGF7-dependent promotion of cell growth was nearly completely abolished following FGFR2 knock-down or enhanced upon FGFR2 overexpression ([Figure 2](#f0010){ref-type="fig"}*B*). As shown in [Figure 2](#f0010){ref-type="fig"}*C*, knock-down of FGFR2 abrogated, whereas overexpression of FGFR2 promoted FGF7-stimulated growth of OHT-treated cells. This suggests that protective effect of FGF7 against tamoxifen-induced growth inhibition is mediated by FGFR2.Figure 2FGFR2 mediates FGF7-dependent protective effect in OHT-treated BCa cells. A) T47D cell lines with knock-down or overexpression of FGFR2 were established as described in materials and methods section. B-C) Their response to FGF7 (10 ng/ml) and/or tamoxifen (1 μM) was evaluated in 3D matrigel. Representative pictures were taken after 14 days of growth; colonies were measured and statistically analyzed with ImageJ. Scale bar represents 100 μm, \**P* ≤ .05, n = 3.^1^Ratios to control/non-treated cells.Figure 2

FGFR2 is Involved in Protective Effect of Breast Cancer Associated Fibroblasts from OHT {#s0085}
---------------------------------------------------------------------------------------

To assess an influence of tumor microenvironment on pharmacological effectiveness of tamoxifen, T47D cells were incubated with CAFs-conditioned medium (CAFs-CM, rich in growth factors/cytokines secreted by fibroblasts) and/or tamoxifen ([Figure 3](#f0015){ref-type="fig"}, *A*--*B*). We found that CAFs-CM promoted cell growth both: a) under control conditions, i.e. untreated cells ([Figure 3](#f0015){ref-type="fig"}*A*, 2.16× bigger colonies) and, b) subjected to treatment with tamoxifen ([Figure 3](#f0015){ref-type="fig"}*B*, 4.9× bigger colonies). As shown in [Figure 3](#f0015){ref-type="fig"}, *A* and *B*, application of PD173074 (an inhibitor of FGFRs) strongly diminished promoting effects of CAFs-CM, which suggests that FGFs/FGFRs signaling is involved in the observed phenomenon ([Figure 3](#f0015){ref-type="fig"}, *A* and *B*). Analyses of T47D vs T47D shFGFR2 revealed functional participation of FGFR2 in CAFs-induced growth and protection from tamoxifen ([Figure 3](#f0015){ref-type="fig"}, *C* and *D*). These has been additionally confirmed in MCF7 cells ([Supplementary data, Figure 3](#f0055){ref-type="graphic"}).Figure 3Cancer Associated Fibroblasts (CAFs) promote BCa cells growth and resistance to tamoxifen through FGFR2. A) T47D cells were grown for 14 days in 3D matrigel in the presence of CAFs-conditioned medium with/without FGFR inhibitor (PD173074, 100 nM), B-D) FGFR2 involvement in CAFs-mediated cell growth and resistance to tamoxifen was evaluated. Scale represents 100 μm, \**P* ≤ .05, \*\**P* ≤ .001, n = 3.^1^Ratios to control/non-treated cells.Figure 3

FGF7/FGFR2 Signaling Regulates Degradation of ER {#s0090}
------------------------------------------------

To determine whether FGF7-triggered signaling affects ER expression and interferes with tamoxifen action, T47D and MCF7 cells were serum-starved and incubated for indicated periods of time (24, 48, 72 h) with FGF7 and/or tamoxifen ([Figure 4](#f0020){ref-type="fig"}*A*). We found that incubation of BCa cells with FGF7 gradually decreased expression of ER in both analyzed luminal BCa cell lines ([Figure 4](#f0020){ref-type="fig"}*A*). On the other hand, as previously shown [@bb0205], exposure to tamoxifen strongly increased level of ER, which was restored to the steady-state by FGF7 ([Figure 4](#f0020){ref-type="fig"}*A*). Moreover, CAF-CM triggered exactly the same effect as FGF7, i.e., counteracted tamoxifen-dependent increase in ER expression ([Supplementary data, Figure 4](#f0060){ref-type="graphic"}). FGFR2 was proved to play a key role in both FGF7- and CAF-CM-dependent regulation of ER expression ([Figure 4](#f0020){ref-type="fig"}*B* and [Supplementary data, Figure 4](#f0060){ref-type="graphic"}). In order to confirm that the observed FGF7/FGFR2-induced down-regulation of ER ([Figure 4](#f0020){ref-type="fig"}, *A* and *B*) was caused by receptor\'s degradation, T47D and MCF7 cells were treated with FGF7 and/or tamoxifen in the presence of MG132 (a well-characterized, specific 26S proteasome inhibitor [@bb0210]). As anticipated, lack of proteasomal activity abolished FGF7-triggered down-regulation of ER ([Figure 4](#f0020){ref-type="fig"}*C*, [Supplementary data, Figure 5](#f0065){ref-type="graphic"}). We then confirmed an involvement of FGF7/FGFR2 in ER degradation/turnover and showed that FGF7 promoted, whereas tamoxifen impaired ubiquitination of ER ([Figure 4](#f0020){ref-type="fig"}*D*, left panel). In cells exposed to both FGF7 and tamoxifen, ER was ubiquitinated to the same extent as in control/non-treated cells (immunoprecipitated samples were normalized to ER level). As expected, knock-down of FGFR2 abolished FGF7-regulated ER ubiquitination ([Figure 4](#f0020){ref-type="fig"}*D*, right panel). FGFR2 role in ubiquitination of ER induced by CAF-CM was also proved ([Supplementary data, Figure 6](#f0070){ref-type="graphic"}). In addition, as shown by qPCR analyses, in both cell lines, neither tamoxifen nor FGF7 significantly affected ER mRNA level (*ESR1* gene product) ([Figure 4](#f0020){ref-type="fig"}*E*). This set of experiments clearly demonstrates that FGF7/FGFR2 signaling overrides an effect of tamoxifen on ER stability in luminal BCa cells. In order to confirm specificity of FGF7/FGFR2--tamoxifen interaction, in control experiment we incubated cells with fulvestrant, a first approved ER down-regulator, known to trigger ER degradation [@bb0215]. As expected, FGF7 treatment did not interfere with Fulvestrant-dependent growth inhibition ([Supplementary data, Figure 7](#f0075){ref-type="graphic"}) as their action towards ER is based on a similar mechanism (enhanced receptor\'s degradation).Figure 4FGF7/FGFR2 signaling regulates proteasomal degradation of ER in BCa cells. (A) T47D and MCF7 cells were grown in the presence of FGF7 and/or tamoxifen for 24, 48, and 72 h. ER expression was evaluated by western blotting. Densitometry was done with ImageJ software. (B) FGF7-dependent effect on ER expression in T47D cells is mediated by FGFR2 and (C) involves proteasomal activities (48 h incubation with MG132). D) FGF7/FGFR2-signaling triggers ER ubiquitination. T47D vs T47D shFGFR2 cells were serum starved and incubated with FGF7 (10 ng/ml) and/or or tamoxifen (1 μM) for 24 h. Cell lysis and immunoprecipitation of ER was done in 1% Triton-X. Ubiquitination level was evaluated by western blot analyses. Protein amount in both lysate and immunoprecipitated fraction was normalized. E) qPCR analyses of *ESR1* (coding ER) expression upon FGF7 and/or tamoxifen exposure. A, D, E experiments were done in triplicates; B and C experiments were done in duplicates.Figure 4

PI3K/AKT and Bcl-2 Mediate FGF7/FGFR2-Driven Resistance to Tamoxifen {#s0095}
--------------------------------------------------------------------

In confirmation of a well-documented activation of ER by growth factors-triggered signaling [@bb0035], we demonstrated that in both analyzed cell lines, FGF7 induced phosphorylation of ER at Ser118 and Ser167 ([Figure 5](#f0025){ref-type="fig"}*A*). Surprisingly, treatment with tamoxifen resulted in activation of ER-Ser118 while having a very modest impact on ER-Ser167. In addition, FGF7 conferred an additive effect, as exposure of cells to both agents resulted in phosphorylation of both Ser118 and Ser167 ([Figure 5](#f0025){ref-type="fig"}*A*). These differences between phosphorylation of Ser118 and Ser167 are in agreement with observed activation pattern of ERK (extracellular signal-regulated kinase) and AKT kinases, previously shown to phosphorylate ER-Ser118 and ER-Ser167, respectively [@bb0045], [@bb0050], [@bb0070]. As demonstrated in [Figure 5](#f0025){ref-type="fig"}*B*, FGFR2 was involved in mediation of FGF7-induced activation of ER. Knock-down of FGFR2 nearly completely abolished phosphorylation of ER as well as activation of upstream kinases (ERK and AKT) in response to FGF7. FGF7/FGFR2 role in enhancing ER activity has been confirmed by analysis of ER-dependent genes (MYO1B and PSME1, previously shown to be up-regulated and down-regulated in tamoxifen resistance, respectively [@bb0220], [@bb0225]) ([Supplementary data, Figure 8](#f0080){ref-type="graphic"}). Specificity of AKT towards phosphorylation of ER at Ser167 induced by FGF7/FGFR2 signaling was confirmed with the PI3K/AKT inhibitor (LY294002) ([Figure 5](#f0025){ref-type="fig"}*C*). AKT activity was also shown to be involved in turnover of ER following treatment with FGF7 ([Figure 5](#f0025){ref-type="fig"}*D*). Inhibition of PI3K/AKT signaling strongly impaired FGF7-triggered ER degradation. Moreover, AKT mediated FGF7-dependent both promotion of cell growth and protection from tamoxifen ([Figure 6](#f0030){ref-type="fig"}, *A* and *B*).Figure 5FGF7/FGFR2-dependent phosphorylation of ER-Ser167 by PI3K/AKT mediates tamoxifen resistance. (A) MCF7 and T47D cells were treated with FGF7 (10 ng/ml) and/or tamoxifen (1 μM) for 10--60 minutes and analyzed for activation of ER, ERK and AKT. (B) FGF7/FGFR2 signaling targets ER phosphorylation. (C) Inhibition of PI3K/AKT signaling abolishes FGF7-driven activation of ER-Ser167. (D) PI3K/AKT activity is involved in FGF7-dependent regulation of ER expression.Figure 5Figure 6PI3K/AKT activity is indispensable for FGF7-triggered resistance to tamoxifen. T47D cells were grown in matrigel and treated with FGF7 (10 ng/ml) and/or tamoxifen (1 μM) with/without PI3K/AKT inhibitor (LY294002, 2 μM). Representative pictures were taken after 14 days of growth; colonies were measured and statistically analyzed with ImageJ. Scale represents 100 μm, \*\**P* ≤ .001, n = 3.^1^Ratios to control/non-treated cells.Figure 6

We also demonstrated that FGF7/FGFR2 signaling regulated Bcl-2 expression ([Figure 7](#f0035){ref-type="fig"}*A*). This anti-apoptotic protein was previously identified as an ER target gene [@bb0230], [@bb0235]. We showed that tamoxifen down-regulated Bcl-2 level was abrogated by FGF7 treatment. Surprisingly, we found that knock-down of FGFR2 led also to decrease of Bcl-2 expression, which might suggest a potentially prominent role of FGFR2 in control of apoptosis. Our results indicate as well that Bcl-2 might act as one of candidate mediators of FGF7-driven resistance to tamoxifen. Inhibition of Bcl-2 by ABT-199 (a potent and selective inhibitor [@bb0240]) completely abrogated FGF7-triggered resistance to tamoxifen ([Figure 7](#f0035){ref-type="fig"}, *B* and *C*).Figure 7Bcl-2 is involved in FGF7/FGFR2-dependent resistance of BCa cells to tamoxifen. (A) T47D vs T47D shFGFR2 cells were treated with FGF7 and or tamoxifen for 72 h and analyzed for Bcl-2 expression. The experiment was done in triplicates. Densitometry was done with ImageJ software. (B) Inhibition of Bcl-2 activity abrogates FGF7-mediated resistance to tamoxifen. Cells were grown in 3D matrigel for 14 days in the presence of FGF7 and/or tamoxifen, with/without ABT-199 (5 μM). Colonies were measured and statistically analyzed with ImageJ. Scale bar represents 100 μm, \*\**P* ≤ 0.001, n = 3.^1^Ratios to control/non-treated cells.Figure 7

Expression of FGFR2 Inversely Correlates with ER in Breast Cancer {#s0100}
-----------------------------------------------------------------

To examine a potential translational value of the demonstrated molecular link between FGFR2 and ER, we analyzed a relationship between expression of these proteins in tissue samples from patients with invasive ductal carcinoma (IDC) ([Table 1](#t0005){ref-type="table"}, patients characteristic). FGFR2-positivity was seen in 32% of ER-positive (30/93) and 48% (35/73) of ER-negative tumors. Examples of high and low levels of FGFR2 expression are presented in [Figure 8](#f0040){ref-type="fig"}. Inverse FGFR2/ER relationship was seen in 63/166 (38%) and 35/166 (21%) cases for FGFR2−/ER+ and FGFR2+/ER-, respectively. FGFR2 was significantly associated only with lack of estrogen receptor (*P* = .04) ([Table 2](#t0010){ref-type="table"}) and there was a trend towards statistical significance of the relationship between FGFR2 and tumor grade (*P* = .095). As ER itself is a strong determinant of the degree of cell dedifferentiation (ER versus grade *P* \< .0001), a possible correlation between inverse FGFR2/ER expression and tumor grade was not further assessed. Lack of stringent criteria for patients selection for tamoxifen therapy precluded the analysis of an impact of FGFR2 alone or FGFR2/ER interdependence on patients\' survival.Figure 8Expression of ER and FGFR2 in BCa tissue samples. Examples of low (A and C) and high (B and D) immunoreactivity for ER and FGFR2, respectively. Scale bar 500 μm.Figure 8Table 2Relationship Between Clinicopathological Features and Expression of FGFR2 and ER.Table 2FeatureFGFR2+\
(N = 65)\
vs Rest\
(N = 101)ER+\
(N = 93)\
vs Rest\
(N = 73)Tumor size0.1310.136Nodal Status0.7240.515Stage0.5100.391Grade0.095\<0.0001HER20.197\<0.0001ER-0.040

Discussion {#s0105}
==========

Tamoxifen has been used for over 40 years for luminal breast cancer treatment. Despite its undisputed therapeutic benefits, a significant number of patients recur [@bb0030]. Tumor microenvironment-originating growth factors may initiate molecular mechanisms that affect cell response to tamoxifen and are indeed implicated in the development of resistance to the drug [@bb9000], [@bb0245]. In our study we focused on FGFs that are abundantly secreted by breast cancer-associated fibroblasts [@bb0250], [@bb0255], [@bb0260]. We present the most comprehensive so far analysis of an impact of FGFs (FGF1, FGF2, FGF4, FGF6, FGF7 and FGF9) on resistance to tamoxifen and corroborate an involvement of CAFs in this process. We showed for the first time that FGFR2 is a mediator of signals derived from tumor microenvironment, responsive for development of resistance to the drug.

Although a role of FGFs/FGFRs in cell response to tamoxifen was studied before [@bb0110], [@bb0265], [@bb0270], [@bb0275], the underlying mechanism still remains unexplained. The most in-depth analysis undertaken by Turner et al. [@bb0110] showed that stimulation with FGF2 resulted in resistance to tamoxifen in cells with elevated expression of FGFR1. FGF2/FGFR1 signaling was suggested to overcome tamoxifen-induced growth arrest and apoptosis, which has been linked with high MAPK and AKT baseline activity as well as increased level of cyclin D1 [@bb0110].

Herein we focused on a crosstalk between FGFR2-triggered signaling and ER activity in relation to the growth inhibitory effectiveness of tamoxifen. We found a clear effect of FGF7 resulting in activation of AKT/ER-Ser167 but not ERK/ER-Ser118 in cells treated with the drug. Therefore we conclude that FGF7/FGFR2 signaling drives resistance to tamoxifen through PI3K/AKT (shown before to specifically target ER-Ser167 [@bb0070]) rather than MAPK-pathway (proved to activate ER-118 [@bb0045]). This is in agreement with data presented by Kirkegaard which demonstrate a clinical value of a correlation between phosphorylated AKT and ER-Ser167 status [@bb0280]. However, some reports put a question mark over prognostic significance of ER phosphorylation sites [@bb0295], [@bb0300], [@bb0305], [@bb0310]. This might be due to tissue-specific dominance of different signaling pathways leading to ER phosphorylation [@bb0315], likely to be associated with molecular diversity of analyzed cohorts of patients. Interestingly, there is also a contradictory aspect of PI3K/AKT-ER axis regulation as inhibition of PI3K was reported to activate ER-dependent transcription. In addition, suppression of ER activity can sensitize tumors to PI3K inhibitors [@bb0325]. Although PI3K/AKT-ER interdependence seems to be complex, it is clear that combined therapy involving PI3K/AKT and ER inhibitors is a promising approach for ER-positive BCa patients.

The molecular mechanism of tamoxifen action, which includes stabilization of ER based on impaired receptor\'s degradation/turnover, is very complex [@bb0205]. In our analyses of FGFR2-mediated cell resistance to tamoxifen, we found that FGF7 as well as CAF-CM stimulation led to ER loss in MCF7 and T47D BCa cell lines. Elevated expression of ER resulting from tamoxifen treatment was restored to steady-state level (observed in non-treated cells) by FGF7 (and CAF-CM). Effect of FGF7/CAF-CM towards regulation of ER level was proved to be mediated by FGFR2. As reduced expression of ER was shown to be associated with failure of endocrine therapy [@bb0330], we conclude that loss of ER caused by microenvironmental stimuli and mediated FGF7/FGFR2 could be one of the underlying mechanisms of recurrence.

Regulation of ER expression by FGF7/FGFR2-triggered signaling was previously reported in MCF7 cells and shown to down-regulate ER expression at transcription level [@bb0335]. We demonstrated that FGF7/FGFR2 and CAF-CM/FGFR2 signaling promoted ER ubiquitination and cell incubation with MG132 (a well described 26S proteasome inhibitor [@bb0210]) abolished FGFR2-dependent ER down-regulation. This was shown to overcome tamoxifen-driven increase in ER level, which was dependent on impaired receptor\'s degradation reflected by diminished ER ubiquitination. Further analysis revealed a modest impact of FGF7 stimulation on regulation of *ESR1* expression (down-regulation by 5% and 14% in MCF7 and T47D cells, respectively - similar range as reported by Chang et al. [@bb0335]). Taken together, these data suggest that degradation/turnover of ER protein, rather than regulation of *ESR1* expression, is the key mechanism whereby FGF7/FGFR2-initiated signaling axis interferes with ER function and is responsible for alteration of cell response to tamoxifen. This is in agreement with a study involving in vitro and clinical analyses (228 BCa patients) demonstrating that CUEDC2 (a ubiquitin-binding motif-containing protein which regulates ER degradation) is a key factor in resistance to tamoxifen-based therapy [@bb0340].

Inconsistency in therapeutic regimen applied to the patients of the studied cohort precluded an analysis of an impact of FGFR2 on both response to tamoxifen and patients survival. However, an assessment of the relationship between FGFR2, ER and clinicopathological features demonstrated an inverse association between the receptors and indicated the FGFR2 presence is likely to be linked to histologically more advanced tumors, which gives support to the in vitro data.

Our study demonstrated for the first time that the FGF7/FGFR2-dependent signaling pathways regulate ER function and affect response of breast cancer cells to tamoxifen. FGFR2 may be an important mediator of resistance to endocrine therapy driven by microenvironmental stimuli (CAFs), which might lead to progression to hormone-independence.

The following are the supplementary data related to this article.Supplementary data, Figure 1FGF7-induced protective effect in OHT-treated BCa cells. MCF7 cells were grown in 3D matrigel and treated with FGF7 and/or tamoxifen. Representative pictures were taken after 14 days of culture. The experiment was done in duplicates. Scale represents 100 μm.Supplementary data, Figure 1Supplementary data, Figure 2FGF7 promotes adhesion-independent growth of BCa cells and impairs tamoxifen/OHT action. MCF7 and T47D cells were seeded and grown in soft agarose as described in materials and methods section. Cultures were treated with FGF7 and/or tamoxifen, after 21 days colonies were counted, \**P* ≤ .05, \*\**P* ≤ .001, n = 3.Supplementary data, Figure 2Supplementary data, Figure 3FGFR2 mediates CAF-driven MCF7 cells growth and resistance to tamoxifen. MCF7 and MCF7 shFGFR2 cells were grown in 3D matrigel and treated with FGF7 and/or tamoxifen. Representative pictures were taken after 14 days of culture. The experiment was done in duplicates. Scale represents 100 μm.Supplementary data, Figure 3Supplementary data, Figure 4FGFR2 mediates CAF-CM-dependent regulation of ER level. T47D cells were grown in CAF-CM with/without tamoxifen for 72 h. ER expression was analyzed by western blotting. The experiment was done in duplicates.Supplementary data, Figure 4Supplementary data, Figure 5FGF7 promotes proteasomal degradation of ER and abrogates tamoxifen-dependent ER stabilization. MCF7 cells were treated with FGF7 and/or tamoxifen in the presence of MG132-proteasomal inhibitor (0.05 μM). The experiment was done in duplicates.Supplementary data, Figure 5Supplementary data, Figure 6CAF-CM-induced ubiquitination of ER is mediated by FGFR2. T47D vs T47D shFGFR2 cells were serum starved and incubated with CAF-CM for 24 h. Cell lysis and immunoprecipitation of ER was done in 1% Triton-X. Ubiquitination level was evaluated by western blot analyses. Protein amount in both lysate and immunoprecipitated fraction was normalized. The experiment was done in duplicates.Supplementary data, Figure 6Supplementary data, Figure 7FGF7 does not prevent fulvestrant-mediated growth inhibition. Cells were grown in 3D matrigel and treated with tamoxifen (1 μM) or fulvestrant (100 nM) ± FGF7 (10 ng/ml). Representative pictures were taken after 14 days of culture. \**P* ≤ .05, n = 3^1^Ratios to control/non-treated cellsSupplementary data, Figure 7Supplementary data, Figure 8FGF7 promotes ER transcriptional activity. T47D cells were serum starved and treated with estradiol (E2, 10 nM) and/or FGF7 (10 ng/ml) for 12 h. qPCR analysis was done as described in material and methods section, \**P* ≤ 0.05, n = 3.Supplementary data, Figure 8
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